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ABSTRACT: Nano-zerovalent iron (nZVI) formed under sulfidic
conditions results in a biphasic material (Fe/FeS) that reduces
trichloroethene (TCE) more rapidly than nZVI associated only with
iron oxides (Fe/FeO). Exposing Fe/FeS to dissolved metals (Pd*",
Cu®*, Ni**, Co®, and Mn?') results in their sequestration by
coprecipitation as dopants into FeS and FeO and/or by electroless
precipitation as zerovalent metals that are hydrogenation catalysts.
Using TCE reduction rates to probe the effect of metal amendments
on the reactivity of Fe/FeS, it was found that Mn** and Cu®*
decreased TCE reduction rates, while Pd**, Co**, and Ni** increased
them. Electrochemical characterization of metal-amended Fe/FeS
showed that aging caused passivation by growth of FeO and FeS
phases and poisoning of catalytic metal deposits by sulfide.
Correlation of rate constants for TCE reduction (ky,) with

Fresh Fe/FeS

Aged Fe/FeS

electrochemical parameters (corrosion potentials and currents, Tafel slopes, and polarization resistance) and descriptors of
hydrogen activation by metals (exchange current density for hydrogen reduction and enthalpy of solution into metals) showed

the controlling process changed with aging. For fresh Fe/FeS, k,

obs

was best described by the exchange current density for

activation of hydrogen, whereas k,, for aged Fe/FeS correlated with electrochemical descriptors of electron transfer.

B INTRODUCTION

Many approaches to modification of nanoscale zerovalent iron
(nZVI) have been investigated for the purposes of providing
enhanced performance and/or broader applicability in environ-
mental remediation."”® Much of this work has focused on
making nZVI more mobile in porous media by adding various
organic polyelectrolytes or surfactants, including carboxymethyl
cellulose, polyaspartate, or triblock copolymers (e.g, refs
7—10). Other work has sought to increase the reactivity of
nZVI, often by the addition of secondary metals to form
bimetallic systems (e.g, Fe/Pd or Fe/Ni), which have been
shown to increase contaminant degradation rates and to
promote more complete dehalogenation."' ™’ More recently,
recognition that nZVI properties are subject to significant
“aging” effects has motivated efforts to develop ways of
protecting nZVI from nonproductive reactions with the
medium (e.g, as composite materials containing organic
polyn1ers,18’19 inorganic carbon,**™%* silica,'®** or clayszs) or
to take advantage of these reactions to extend the long-term
performance of nZVI in remediation applications. An example
of the latter strategy is the deliberate stimulation of sulfidic
conditions in the presence of nZVI, which generates iron
sulfides that help preserve the capacity of the system to
maintain strongly reducing conditions.*®
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To further explore the benefits of the sulfidation, we have
developed a facile method to prepare a multifunctional material
composed of nano-zerovalent iron and iron sulfide (Fe/FeS)
and have shown that Fe/FeS has advantages over iron oxide
coated nZVI (Fe/FeO) with respect to reactivity.”” However,
all of that work was done with simple laboratory model systems
(e.g., well-mixed batch reactors prepared with deionized water),
so further study under more complex and realistic conditions is
needed to evaluate the likely performance of Fe/FeS in
remediation applications. As a step toward this goal, we
characterized the effects of key environmental variables—
including pH, natural organic matter, and the major inorganic
cations (Na* and Ca’*/Mg**)—on reduction of trichloro-
ethylene (TCE) by Fe/FeS.”® In the current study, we consider
the short- and long-term effects of dissolved transition metal
ions, which can interact with Fe’ in a variety of ways ranging
from surface complexation and/or coprecipitation to electroless
deposition as zerovalent metals.”*">* The scenario addressed
here is metal exposure after the formation of Fe/FeS (e.g,
contaminant metals after remediation with Fe/FeS); the effects
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of metals included during the formation of Fe/FeS were
addressed in a parallel study.*

A key determinant of the type of metal interaction with Fe® is
the reduction potential (E°) of the metal ions relative to that of
Fe’. The metals investigated here were selected to represent a
sufficient range of E° values to produce the three classes of
interactions described by Li and Zhang® (and supported by
subsequent work Efecan et al.>*). As shown in Figure 1, Pd
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Figure 1. Conceptual model for metal interactions with Fe/FeS. Based
on the classification scheme described in Li and Zhang30 and standard
reduction potentials for pH 7 from Pourbaix.””

(Pd** and Pd*) and Cu®' have substantially more positive E°
than Fe’ (Figure 1a), so they should undergo facile reduction to
their corresponding zerovalent metals. Ni*" and Co*" have
slightly more positive E° than Fe® (Figure 1b), so they might
react by a combination of reduction and complexation (as
divalent cations) to the iron oxides (or/and sulfides) on the
Fe’. On the other hand, Mn?* cannot be reduced by Fe’
because it is more electronegative than Fe’ (Figure 1c). Instead,
Mn*" undergoes sorption onto iron oxides> and iron sulfides®®
and may eventually be embedded as a coprecipitate.

The reductive deposition of more electropositive species on
Fe® results in the iron-based bimetals that, as noted above,
generally give greater dechlorination rates than Fe” alone. The
effect of metals incorporated into the surface oxides or sulfides
(e.g, as “dopants”) can be faster dechlorination and/or more
favorable distributions of reaction products.'***~*® However,
there appears to be no prior work on the effect of Mn>* on the
reduction of chlorinated compounds by treatment with Fe°,
even though modest concentrations (~1 mg/L) are fairly
prevalent in groundwater.*!

The different modes of metal deposition that are represented
in Figure 1 imply several possible mechanisms by which the
dechlorination rates of organic contaminants might be altered.
Where bimetals are formed, their effects are usually interpreted
in terms of (i) Galvanic coupling between the two metals, (ii)
hydrogenation catalyzed by the noble metal, (iii) conductive
islands in the oxide layer, and/or (iv) a cathodic shift in
corrosion potentials."*'¥**~* In this study—on Fe/FeS rather
than Fe/FeO—it is also possible that some of the catalytic
benefit of bimetals could be poisoned by sulfide.**>° For metal
ions incorporated into the oxide (or sulfide) film, their effects

may be attributed to (i) doping of a semiconductor, (ii)
destabilization of the passive film, or (iii) corrosion inhibition
by insoluble precipitates.'**® It is likely that combinations of
the above effects contribute to varying degrees, depending on
the metals involved and operational conditions, so systematic
characterization of the possible outcomes is challenging. A
novel aspect of this study is the use of electrochemical methods
to characterize the metal ion effects on nZVI reactivity. For this
purpose, electrochemical methods have some unique character-
istics (elaborated later) that make them a powerful complement
to more common approaches such as microscopy and
spectroscopy.

The practical objective of this study was to determine how
metal jons—with a representative range of reduction
potentials—influence the reactivity of sulfidated nZVI with
TCE, so that this information can be used to assess the
potential long-term performance of Fe/FeS in field-scale
remediation applications. However, the experimental design
and scope of this study also provides evidence relevant to
several more fundamental questions, including (i) how the
processes underlying bimetallic effects on nZVI reactivity are
influenced by the material changes that arise from aging and (ii)
how the relative degree of bimetallic enhancement can be
described by quantitative property-activity relationships
(QPARs). The QPARs developed here may provide a basis
for predicting the reactivity of other bimetallic materials, in a
manner similar to how quantitative structure—activity relation-
ships (QSARs) are used to predict the reactivity of different
contaminant/probe chemicals.

B EXPERIMENTAL SECTION

Chemicals and Materials. All of the chemical reagents
used were of analytical grade and used as received.
Trichloroethene (TCE) was obtained from Sigma-Aldrich
(99% purity). Reaction media were prepared by dissolving
salts (FeCl;-6H,0, NaBH,, Na,S,0,, K,PdCl,, CuCl,-2H,0,
NiCl,-6H,0, CoCl,-6H,0, MnCl,-4H,0, NaOH, and HCI) in
deoxygenated deionized (DO/DI) water. Deoxygenation was
performed by sparging with N, for 1 h.

The Fe/FeS used in this study was prepared by the reduction
of FeCl; solutions using sodium borohydride in the presence of
dithionite, as described previously.”” In prior work with this
material, we have described its structure and composition,27’28
reactivity with TCE,””*® effects of groundwater components,*®
and electrochemical properties.51 In this study, the metal-
amended Fe/FeS was prepared by reacting 2 g/L Fe/FeS with
1 mM solutions of the respective metal salts for 10 min
(“fresh”) and 15 h (“aged”), respectively. The solution pH for
Cu, Co, Ni, and Mn was in the range of 6.5-6.8 and
approximately 3.2 for Pd. The solids were recovered by rinsing
several times with DO/DI water and drying in a vacuum oven
at 50 °C for 1 day.

Characterization. The freeze-dried metal-amended Fe/FeS
particles were characterized by high-resolution transmission
electron microscopy (HRTEM) and energy-filtered trans-
mission electron microscopy (EFTEM) using a JEM-2200FS
microscope with Cs correction. X-ray photoelectron spectra
(XPS) were obtained using a VG ESCALAB 220iXL with a
monochromatic Mg Ka (1253.6 eV) excitation source.

Batch Experiments and Analysis. The dechlorination of
TCE was determined in batch experiments usin§ a protocol
very similar to that used in other work on Fe/FeS.””*® In brief,
40 mL glass vials were filled with 0.08 g of the Fe/FeS and ~40
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mL of 0.11 mM TCE in DO/DI water. Vials were capped with
Teflon Mininert valves and then placed on a rolling mixer (15
rpm) at room temperature. All experiments were done in
triplicate. The aqueous concentrations of TCE and its
chlorinated products were measured using a headspace gas
chromatograph equipped with an electron capture detector
(GC-ECD, HP Agilent 6890), as described previously.”’
Typical products (e.g., ethane and butane) were observed but
were not quantified.

Electrochemical Methods. The electrochemical properties
of metal amended, fresh and aged Fe/FeS were measured in a
three-electrode cell containing a stationary powder disk
electrode (PDE) as the working electrode, a Pt wire counter
electrode, a Ag/AgCl reference electrode, and 10 mM NaCl as
the electrolyte. All potentials are reported vs the Ag/AgCl
reference electrode. For each material, duplicate PDEs were
prepared by pressing (dry) metal-amended Fe/FeS powders
into the electrode cavity in an anaerobic glovebox. Details on
the design of the PDE and its use in electrochemical studies of
fine-grained metal powders have been reported previouslzr.sz’53

As in our other recent work with PDEs of Fe/FeS,”' we
performed electrochemical characterization methods in a
sequence that proceeds from less-destructive to more-
destructive of the working electrode material. First, we
performed open-circuit chronopotentiometry (CP), followed
by electrochemical impedance spectroscopy (EIS) in the
frequency range of 10 kHz to 10 mHz, and finally linear
sweep voltammetry (LSV) by polarizing the PDE from —0.25
mV to +1.1 V relative to the open circuit potential at a scan rate
of 0.1 mV/s. Electrochemical experiments were performed in a
deaerated cell with an Autolab PGSTAT30 (EcoChemie,
Utrecht, The Netherlands).

B RESULTS AND DISCUSSION

Structure and Composition of Metal-Amended Fe/
FeS. Characterization of the structure of metal-amended Fe/
FeS using TEM (Figure S1) showed that all of the preparations
were composed of irregular, 10—20 nm primary particles similar
to those described previously for Fe/FeS without added
metals.”” The high degree of aggregation that is evident in
Figure S1 is likely due to sample preparation for microscopy™”*
because suspensions of all the materials used in this study were
stable for hours.

The EFTEM images of unaged Fe/FeS in Figure S2 show
that S-containing material, presumably FeS,”” is nonuniformly
distributed on aggregates that are largely Fe and iron oxides.
Most of the amendment metals appear to be concentrated on
the Fe/FeO, although some appears to be associated with the
FeS. Incorporation of transition metals into FeS and their
impact on reductive dechlorination has been described
previously.”’55 The elemental maps for Cu, Mn, Ni, and Pd
indicate a nonuniform distribution of these additives, which is
consistent with previous observations on bimetallic nano-
particles."*'® In contrast, the EFTEM for Co suggests that this
element is distributed relatively uniformly throughout the Fe/
FeS. The changes in elemental distribution with aging were
examined by EFTEM for Fe/FeS/Pd and Fe/FeS/Ni (Figure
S3). The most noteworthy change in the distribution of Pd and
Ni on the Fe/FeS surface is that Pd is more strongly associated
with S than Ni.

In all cases except Mn, the quantity of added metals was the
same because they were prepared with equal molar
concentrations and all of the metals were deposited (Table

S1). For Mn, only about 60% was deposited, presumably
because adsorption was the only mechanism.

Characterization of the surface composition of metal-
amended Fe/FeS by XPS (Figure S4) showed the metal
additives in the oxidation states predicted by the conceptual
model in Figure 1. The Cu- and Pd-amended Fe/FeS had
amendments only in metallic states; Ni- and Co-amended Fe/
FeS were in both metallic and ionic states, whereas Mn was
only found in the ionic state on the Fe/FeS surface. These data
are not sufficient to determine if the spatial distribution of
metal amendments is segregated by valence state (e.g,, reduced
metals deposited onto Fe® and divalent metals adsorbed onto
iron oxides/sulfide), but the sequence of steps used to produce
these materials is likely to favor their deposition onto the
oxide/sulfide phases.

This view of the structure of metal-amended Fe/FeS requires
that reduction of the adsorbed metals (in this study: Pd, Cu, Nj,
and Co) by Fe’ should be mediated by its coating of iron oxide
and sulfide phases. Possible mechanisms for this were discussed
by Li and Zhang® using a conceptual model developed for the
reduction of organic contaminants by Fe/ FeO.5%” The latter
studies concluded that the most likely process for passing
charge through the oxide layer on Fe’ under environmental
remediation conditions is resonance tunneling via localized
states (i.e., defects of various types). This process becomes
more favorable as the iron oxides become more mixed-valent
(and therefore conductive)®® or replaced by iron sulfides
(which generally have smaller band gaps, and therefore are
more conductive, than iron oxides®). However, the Fermi
potential of iron sulfides (roughly 0.4 V at pH 7°°) is more
positive than iron oxides on Fe’ (typically —0.25 V°’), which
means the iron sulfides provide less driving force for reduction
of adsorbates (metals or organics), and this will favor slower
kinetics of adsorbate reduction by iron sulfides.

Effect of Metal lons on TCE Reduction Kinetics. The
concentration vs time plots for TCE reduction by fresh and
aged metal-amended Fe/FeS are shown in Figure S5, and the
rate constants (k) obtained by fitting these data to pseudo-
first-order kinetics are given in Table S2. The results are
summarized in Figure 2, together with data for equivalent
experimental conditions that were reported in our previous
work on Fe/FeS.””*® The comparison shows that the overall
increase in kg, due to synthesis in the presence of dithionite is
roughly 1 order of magnitude, regardless of the effects of
solution chemistry on k. In contrast, the metal amendments
studied here have relatively large effects on kg, including
enhancements by Co, Ni, and Pd that are about 1 order of
magnitude relative to Fe/FeS without metal amendments. The
same trends would be apparent if Figure 2 was based on mass-
or surface-area-normalized rate constants (because the Fe/FeS
mass load and specific surface area are nearly constant across all
of these experiments).

The top row in Figure 2 shows that while amendment with
Pd, Ni, and Co increased k., Cu and Mn caused k, to
decrease (relative to the control without metal amendments)
for both fresh and aged Fe/FeS. The inhibitory effect of Cu is
opposite the result that has been reported in most previous
work using Fe/ FeO,14’15’17’31’60’61 although most of these
studies were done with other contaminants (carbon tetra-
chloride and 1,1,1-trichloroethane) and/or different methods of
introducing the metal additives. The effect of Cu observed here
is, however, consistent with the electrochemical data discussed
below. The inhibitory effect of Mn** on TCE reduction is most
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Figure 2. Summary of kg, for TCE reduction by Fe/FeS vs
composition of the particles and the medium. (O) Effects of metal
amendments (this study). (0) Effects of solution composition.”® (C1)
Effect of dithionite dose during synthesis.”” Solid symbols are controls:
(@) without metal amendments, (4) in DI water, and (M) without
dithionite.

easily interpreted as the result of interspecies competition for
surface sites, which has been measured and modeled for a
variety of analogous systems (e.g, refs 56, 62—65).

The top row of Figure 2 also shows how aging changes the
relative reactivities of Fe/FeS with the various metal amend-
ments: the order of k,, vs metal amendment is the same (Cu <
Mn < Co < Ni) except for Pd, which has the highest kg, for
fresh Fe/FeS but intermediate kg, for aged Fe/FeS. Another
perspective on these data is presented in Figure 3, which shows
that rate constants for aged and unaged Fe/FeS plot very close
to a 1:1 correlation for all metals except Pd.

The anomalous behavior of Pd-amended Fe/FeS may reflect
a greater decrease in catalytic activity of Pd—compared with
Co and Ni—due to poisoning by sulfide. Both Ni- and Pd-
based hydrogenation catalysts are highly susceptible to
poisoning upon exposure to sulfur species,””%® and the initial
step of sulfur adsorption onto these metals has been studied in
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Figure 3. Plot of kg, values for fresh particles vs those for aged
particles. Data from Table S1. Dashed line is 1:1. Error bars, based on
SD from fitting first-order kinetics, are shown but are smaller than the
markers. Absolute hardness (from ref 66) is given as labels.

great detail. ©7° Conversely, Pd, Ni, and other “soft” metals
have relatively high affinities for iron sulfides (also soft),
compared with hard metal ions like Mn**, and this has been
used to rationalize the relative rates of hexachloroethane
reduction by metal-amended mackinawite.’® The data for
absolute hardness of the metals shown in Figure 3 reveal that
the anomalously low reactivity of aged Pd-amended Fe/FeS is
consistent with the substantially lower hardness of Pd
compared with Co and Ni. This hypothesis is supported by
the stronger association of Pd with S than Ni, as shown in
Figure S3. However—or, in addition—the large decrease in
reactivity of Fe/FeS/Pd with aging may arise because Pd is a
more active hydrogenation catalyst than Ni, and therefore the
relative role of atomic hydrogen in the fresh Fe/FeS/Pd system
might be larger.47 Regardless of the cause, if the observed
difference between Ni- and Pd-based bimetallic reductants also
applies under groundwater remediation conditions, then it
might make the enhancement of contaminant reduction by Ni
more sustainable than that of Pd. In the long run, however, the
accelerated corrosion rate of Fe/FeS amended with Co, Ni, or
Pd (based on electrochemical results in the following section)
will contribute to detachment and/or occlusion of the catalytic
metals, and therefore a gradual decline in their catalytic
benefit.*””"7?

Effect of Metal lons on Electrochemical Corrosion
Properties. The results presented in the previous section—
kinetics of TCE reduction by metal-amended Fe/FeS—
constitute a probe reaction approach to characterizing the
reactivity of these materials. A distinctly different, but
complementary, approach involves electrochemical character-
ization of powder disk electrodes (PDEs) made by packing the
various preparations of metal-amended Fe/FeS using the
approach we developed in prior work.>** In one recent
study,”’ we used PDEs to characterize the effect of solution
conditions on corrosion of Fe/FeS, but that study did not
address the effects of aging Fe/FeS, and no prior work has been
reported on the electrochemical behavior of bimetallic forms of
ZVL In this study, electrochemical characterization methods
were applied to PDEs made from metal-amended Fe/FeS in a
sequence from least destructive of the sample to relatively more
destructive (chronopotentiometry, then electrochemical im-
pedance spectroscopy, and finally linear sweep voltammetry) in
the presence of a common electrolyte, but the following
presentation of the results is arranged with the potential-based
methods grouped first followed by impedance methods.

The chronopotentiograms (CPs) in Figure S6 show the
change in open-circuit potential (E,.) during the first 60 min
after immersion of each material into the electrolyte. For
unamended Fe/FeS, the values and gradual decline in E, are
consistent with results we have reported previously for this
material.>' For fresh metal-amended Fe/FeS (Figure S6a),
most of the metal additives result in very stable values of E_,
which suggests little depassivation of these materials over the
time period of this measurement. In contrast, the CPs of aged
particles (Figure S6b) show more diverse and dynamic
behavior, with consistently less negative E . values. All of
these effects are consistent with the presence of metastable
forms of FeO and FeS that developed during aging, which will
be relatively labile to transformations upon immersion. In most
cases, however, E . became approximately constant by about 30
min, suggesting that relatively stable experimental conditions
existed during the subsequent electrochemical character-
izations.
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Figure S7 shows the linear sweep voltammograms (LSVs)
obtained by polarizing each electrode over a range of 125 V
relative to the E,. (determined from the CP results) at a
sufficiently slow scan rate to ensure approximately steady-state
conditions. Tafel analysis gave the values of corrosion potential
(E.op), corrosion current (i), anodic and cathodic Tafel
slopes (f, and f.), and polarization resistance (R,) that are
given in Table S3. The results for E_,, are summarized in
Figure 4, together with data for related experimental conditions

Cu Ni Mn Co Pd
Metals-| ® @HO® 6 O O O
CuMn Co Pd Ni

Humic Acid — OO
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Figure 4. Summary of E_, vs composition of the particles and the
medium. (O) Effects of metal amendments (this study). (¢) Effects of
solution composition.*" Solid symbols are controls: (@) without metal
amendments and (@) in DI water. All data from Turcio-Ortega et al’!
are without aging.

that were reported in our previous work on unamended Fe/
FeS.>' After aging, all of the E_,, data shifted toward more
positive values, consistent with changes that favor anodic
processes (Fe’ — Fe®, FeO, and FeS) over the cathodic
process (H* — H,). In this system, the metal amendments
should favor anodic processes by maintaining the conductivity
of the FeO and FeS phases formed during aging (according to
one or more of the mechanisms discussed in the Introduction).
The effect of aging on the cathodic process in this system is
likely dominated by gradual poisoning of metal-catalyzed
hydrogen reduction by sulfide. In comparison, E_,, varies
relatively little for fresh Fe/FeS (and Fe/FeO) over all the
solutions conditions tested in this and previous work.

The other electrochemical parameters obtained by Tafel
analysis (8, 3, R, and iorr) are summarized in Figure S8. From
the upper-left three panes in Figure S8 (a, b, and e), it appears
that 3, is consistently greater than S, as was seen in our earlier
work without metal amendments,>' and as expected for porous
electrodes made from materials with relatively high resistivity.”>
Comparing data for fresh (red) and aged (blue) Fe/FeS in
these three panes reveals that aging generally increased f. but
did not affect . The most straightforward interpretation of this
result is that the dominant process during aging of metal-
amended Fe/FeS is sulfide poisoning of hydrogen reduction.
There appears to be no correlation between the Tafel slopes
and R, or ig,, (Figure S8, d, f, and g), but R, vs i, exhibits a
strong, inverse, nonlinear relationship (Figure S8i). All of the
data in Figure S8i fit well to the expected model (R.P = B/i.,)
giving an estimate of B = 53 + 2 mV. (Alternatively, using 3,
and f3, from Table S3 and the Stearn-Geary equation’* gives a

range of values of B that average to 52 = 3.) The consistency of
these results across all of the treatments tested suggests that the
general robustness of the PDE response extends to the range of
materials studied here. However, the estimated values of B are
considerably larger than expected under conditions that are
well-suited for LPR methods, which should be ~25 mV or
less.”*”® This result is likely due to the relatively high resistance
of the solution and particle surface films under the conditions
of this study. Similar interpretations were given for the high
Tafel slopes obtained in our previous work with PDEs made
from Fe/FeO and Fe/FeS®' and in a recent study with powder
microelectrodes made from iron oxides and sulfides.”® In such
cases, electrochemical methods that better accommodate high
resistivity, such as EIS, may be more appropriate.

The results obtained by EIS are shown as Bode plots: phase-
angle vs frequency (Figure S9) and log IZI (modulus) vs
frequency (Figure S10). The data for unaged, unamended Fe/
FeS are qualitatively similar to the EIS reported previously (for
10 mM NaCl),! including the relative lack of distinctive
features consistent with a high degree of overall passivation for
all these materials. As seen in Figure S9, the fresh particles gave
larger phase angles at low frequencies and generally more
consistent phase-angles over the whole frequency range. Both
behaviors were affected by the growth and diversification of
passivating materials (FeO and/or FeS) during aging.

In the Bode-modulus plot (Figure S10), the impedance at
high frequency reflects the ohmic resistance R, and the
difference between impedance at low- and high-frequency
represents the charge transfer resistance R. As seen in Figure
S10a, the metal amendments for fresh particles had little effect
on R; (because metal dissolution should be insignificant),
whereas R, exhibited substantial differences, presumably due to
one or more of the possible effects of metal amendments
discussed in the Introduction (metal doping of the passive film,
etc.). In comparison, all of the aged materials (Figure S10b)
gave higher and more variable R, and especially R, consistent
with accumulation of relatively less conductive, authigenic
forms of FeO and FeS. The conditions that lead to high R,
support less rapid charge-transfer at the Fe/FeS surfaces, which
should produce less rapid reduction of contaminants, and
conversely, materials with low R, are expected to produce more
rapid contaminant reduction. This hypothesis is tested in the
analysis that follows.

Correlation between k., and Electrochemical Param-
eters. Correlation analysis on the various quantitative measures
of reactivity that we obtained for metal-amended Fe/FeS is a
potentially powerful approach to evaluate the mechanism of
metal effects in this system, and a strong correlation involving
contaminant degradation rates (in this case, kg, for TCE
reduction) could even lead to quantitative property—activity
relationships (QPARs) for predicting the effect of other metals
and, thereby, providing direction for future work.

Scatter plots showing the correlation between rate constants
for TCE reduction (k,,; from Table S2) and three electro-
chemical variables (E_,,,, i, and R,; from Table S3) are given
in Figure S. The data for fresh Fe/FeS with the various metal
amendments gave poor correlations (Figure Sa—c), but the
aged materials show promising correlations to all three
electrochemical parameters (Figure Sd—f). Since i, is a nearly
direct measure of the Fe/FeS corrosion rate, the positive
correlation between k., and i, (Figure Se) suggests that the
rate of TCE reduction was closely related to the corrosion rate
for these materials. This relationship and that between i, and

corr
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Figure 5. Correlations between electrochemical corrosion parameters and log ky, for (top row) fresh Fe/FeS and (bottom row) aged Fe/FeS.
Correlation coefficients are given in italics. Rate constants from Table S2 and descriptor data from Table S3.

R, (recall the above discussion of Figure S8i) results in the
good negative correlation between k,, and R, shown in Figure
Sf. The strong positive correlation between k., and E.,
(Figure 5d) would be surprising if the controlling factors
were the same as those responsible for the negative correlation
we saw in an earlier study on carbon tetrachloride reduction by
aging nZVL.”” However, in preliminary, unpublished work on
carbon tetrachloride and nitrobenzene reduction by aged nZVI
in the presence of natural organic matter (NOM), we found
positive correlations analogous to that shown in Figure 5d. This
pattern could arise if, for example, the less strongly reducing
material deposited during aging (FeO/FeS or NOM) becomes
the dominant phase on which contaminant reduction takes
place. To fully test this hypothesis may require control
experiments with simpler model systems and column or
larger-scale tests to simulate changes in the overall balance of
factors under field conditions.

While Figure S shows fairly strong correlations between kg,
and three electrochemical properties of the aged particles, the
lack of a correlation in the fresh particles suggests that
nonelectrochemical processes are controlling. Among the other
mechanisms that may contribute to the rate enhancements by
bimetallic reductants, the major nonelectrochemical alternative
is the hypothesis that the metal additive would catalyze the
formation of reactive hydrogen species (adsorbed or dissolved
atomic hydrogen or hydride), which then might contribute to
contaminant reduction by hydrogenation. Therefore, to test the
possible involvement of hydrogen in these systems, we
examined the correlation of k., to the several potentially

relevant descriptors of the amending metals. One such
descriptor is the partial molar enthalpy for an infinitely dilute
solution of hydrogen in pure metals (AH4®),”® which was
effective for describing the enhanced reduction of 1,1,1-
trichloroethane (TCA) by bimetallic reductants."> Another
logical descriptor is the exchange current density (i) for
hydrogen evolution on pure metal electrodes,”” which has been
considered in prior work''” but did not give significant
correlations to kg, for the reduction of TCA or TCE by ZVI
with various catalytic bimetals. Additional descriptors were
considered in this study—such as the solubility of hydrogen in
pure metals**—but they did not produce correlations with
distinctive benefits, so they are not discussed below.

As shown in Figure 6, AH,™ did not produce a meaningful
correlation with k, for either fresh or aged Fe/FeS, but i, gave
promising correlations, especially with the data for the fresh
materials (Figure 6b). Since ij is a relatively direct measure of
the expected rates of hydrogen evolution on various metals, the
correlation between this descriptor and k,,, suggests a close link
between formation of active hydrogen species and the
reduction of TCE in this system. Experimental measurement
of hydrogen evolution—as was done by Lin et al."’—might
have produced comparable results, but such an approach does
not have the generality provided by a descriptor such as iy, for
which standard values are well established.””®' The correlation
between kg, and i is strong for fresh, amended Fe/FeS but
weaker for the aged materials (Figure 6b vs d), as might be
expected if accumulation of authigenic FeO and FeS during
aging limits direct access to the metals that favor activation of
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Figure 6. Correlations between hydrogenation-related parameters and log kg, for (top row) fresh Fe/FeS and (bottom row) aged Fe/FeS.
Correlation coefficients are given in italics. Rate constants from Table S1 and descriptor data from Table S3.

hydrogen. This process might cause a shift toward conditions
where the overall processes controlling contaminant reduction
rates involve electron transfer without mediation by hydrogen,
and that would be consistent with the correlations between k.,
and electrochemical descriptors for the aged Fe/FeS (Figure
5d—f).

Implications. Taken together, the results of this study
illustrate the challenge of assessing the overall benefit of specific
enhancements to remediation processes that ultimately are to
be applied in complex and dynamic environmental systems. In
this case, the high rate of TCE reduction obtained from nZVI
produced under sulfidic conditions (Fe/FeS) was even greater
when Fe/FeS was amended with metals that undergo
electroless reduction to hydrogenation catalysts (Co, Ni, and
Pd). For comparatively fresh metal-amended Fe/FeS, the
enhancement appears to be due to the formation of active
forms of hydrogen. However, allowing the material to age
results in accumulation of additional FeO/FeS and partial
poisoning of the phases that catalyze hydrogenation. Therefore,
in real environmental engineering applications, it is not clear
that the benefits observed in this study will be sufficiently long-
term to be significant. Even if a net benefit is sustained over the
long-term, the results of this study suggest that the mechanism
of the enhancement may change (from hydrogenation on
catalytic metals to electron transfer on reduced iron oxides and
sulfides). This would result in changes in the relative reactivity

of different contaminants, degradation pathways taken, and
products formed from each (as evidenced by recent results with
kinetic isotope effects*”). With respect to the removal of metals,
as cocontaminants with chlorinated solvents, this study shows
that the former may be beneficial to the latter, even over a wide
range of metals and degrees of aging in the presence of sulfide.
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